The AP-1 transcription factor is composed of members of the Fos, Jun and ATF families, and plays a key role in tumor progression. We investigated whether Fos proteins regulate cell motility, and if so, whether this capacity is related to their transactivation potential. Two cell lines with different expression profiles of AP-1 were employed focusing on the Fos-family members c-Fos, Fra-1 and Fra-2. Transactivation motifs are found in c-Fos, but not in Fra-1 or Fra-2. The adenocarcinoma CSML0 cells display a low motility and do not express Fra-1 or Fra-2, and only very little c-Fos. In contrast, the fibroblastoid L929 cells express both Fra-1 and Fra-2, but no c-Fos, and these cells display a high motility. Transfection with Fra-1 or c-Fos, but not with Fra-2, strongly enhanced the motility of CSML0 cells. The effect of Fra-1 required the presence of the N-terminal domain of this protein.
Introduction
The regulation of cell motility by growth factors, cell adhesion molecules, downstream signal transduction molecules and cytoskeletal components has been extensively studied during the last decade. In contrast, little is known about the regulation of cell motility at the transcriptional level (Kassis et al., 2001) . A few reports have pointed at the transcription factor AP-1 (activator protein-1) as the target of growth factor-induced transcription regulating motility and tumor invasion (Kustikova et al., 1998; Malliri et al., 1998) .
The dimeric AP-1 complex is composed of members of the Fos, Jun and ATF protein families. The Fos family consists of five proteins, c-Fos, FosB, FosB2 (DFosB) and the Fos-related antigens Fra-1 and Fra-2. All Fos family members (Fos proteins) contain bZIP motifs, which include leucine zipper regions responsible for heterodimerization with Jun, and basic regions specifying binding to the 12-O-tetradecanoylphorbol-13-acetate (TPA)-responsive sequence elements (TRE) located in the promoters/enhancers of target genes (Tulchinsky, 2000) . The most prominent structural difference between the various Fos family members is transactivation motifs present in the C-terminal and Nterminal parts of c-Fos and FosB, but absent in FosB2, Fra-1 or Fra-2. These motifs are directly involved in transcriptional activation stabilizing the preinitiation complex and facilitating its assembly (Funk et al., 1997) . Consequently, AP-1 transcriptional complexes containing Fra-1, Fra-2 and FosB2 are less potent transcriptionally than complexes containing c-Fos or FosB (Suzuki et al., 1991; Wisdom and Verma, 1993) .
The C-terminal transactivation domain is presumably critical for the transformation capacity of Fos proteins. Thus, the nontransforming proteins Fra-1 and Fra-2 have been shown to acquire transforming activity when fused to a transactivation domain from FosB (Wisdom and Verma, 1993) . Notwithstanding the high transforming potential of c-Fos, c-fos expression at the transcriptional level is often inhibited in malignant cells, probably because of its capability of repressing its own transcription (Lee et al., 1998) . In contrast, despite a low transforming activity, Fra-1 and Fra-2 proteins are abundant in a variety of transformed and neoplastic cells (Mechta et al., 1997; Murakami et al., 1997) , and a high Fra-1 expression has been demonstrated to modulate the transcription of several tumor progression markers in mammary tumor cells (Kustikova et al., 1998) . In these cells, the c-Fos, Fra-1 and Fra-2 proteins are capable of activating transcription of a series of genes with a certain degree of specificity (Andersen et al., 2002) . It has therefore been suggested that Fra-1 and Fra-2 are involved in the maintenance and progression of the transformed state, and that this property is unconnected to their ability similar to transactivate a synthetic AP-1-dependent reporter in transient transfection assays (Tulchinsky, 2000) .
Here we analyse the role of the Fos proteins in the regulation of cell motility employing adenocarcinoma CSML0 cells and fibroblastoid L929 cells, which differ in composition and activity of their AP-1-containing complexes. We show that in the presence of serum, a low motile activity of the Fra-1-and Fra-2-negative CSML0 cells could be enhanced by the expression of either Fra-1 or c-Fos, but not Fra-2. The N-terminal domain of Fra-1 was required for this function. Vice versa, a high motile activity of the Fra-1-and Fra-2-positive L929 cells could be inhibited by the expression of a dominantnegative mutant of Fos or by transfection with antisense fra-1 and antisense fra-2. Changes in the motile behavior of the cells correlated with their morphological appearance and the degree of contact with the substratum. Our data suggest that Fos proteins have distinct functions in the regulation of cell motility.
Results

CSML0 and L929 cells have different AP-1 binding activity and AP-1 compositions
For the motility studies, we have employed two different cell lines, mouse epithelioid adenocarcinoma CSML0 and mouse fibroblastoid L929 cells. To compare the AP-1-mediated DNA binding activity of these cell lines, electrophoretic mobility shift assay (EMSA) was performed. The results presented in Figure 1a indicate that L929 cells have three to five times higher total AP-1 binding activity compared to CSML0 cells. We have previously demonstrated that in CSML0 cells the predominant components of the AP-1 complexes are JunD and c-Fos, whereas c-Jun, JunB, FosB, Fra-1 and Fra-2 are not expressed (Kustikova et al., 1998) . The AP-1 complexes of L929 cells have, however, not been characterized. We therefore analysed AP-1 binding in nuclear extracts of L929 cells employing EMSA (Figure 1b) . Antibodies recognizing the Jun family members revealed that the predominant protein expressed in L929 cells was JunD. Analysis of the Fos proteins showed that L292 cells expressed Fra-1 and Fra-2, whereas neither c-Fos nor FosB was detectable. We conclude that L929 cells and CSML0 cells express different Fos components of AP-1, whereas the Jun component is represented by the same protein, JunD, in both the cell lines. Figure 1 EMSA of AP-1-DNA binding in nuclear extracts of CSML0 and L929 cells (a), composition of AP-1 complexes (b) and transactivation of the AP-1-responsive reporter pfLUC5 Â TRE by cFos, Fra-1, Fra-2, A-Fos, antisense fra-1 and fra-2 in L929 cells (c). EMSA and the transactivation assay were performed as described previously (Andersen et al., 2002) . The AP-1 complex was detected with a double-stranded 32 P-or biotin-labeled oligonucleotide that contained the consensus TRE (12-O-tetradecanoylphorbol-13-acetate (TPA) response element) derived from the collagenase gene promoter (CGCTTGATGAGTCAGCCGGAA) (Lee et al., 1987) . As a control (mutant) probe, an oligonucleotide in which two nucleotides mapping within the AP-1 consensus binding site have been substituted ('CA'-'TG') was used. For binding competition, the cold oligonucleotide (competitor) was used at 100-fold excess over the probe. The results are given as means7s.e.m. based on four independent experiments and are expressed as luciferase activity (relative light units, RLU). Control was the basal activity of pfLUC JunD has been shown to be a weak activator of AP-1 in the absence of Fos (Hirai et al., 1989) . The deficient component in AP-1 activation in CSML0 cells has been shown to be c-Fos, since JunD is abundantly expressed as compared to the low expression of c-Fos, and overexpression of c-Fos strongly activates AP-1 (Kustikova et al., 1998). It has also been shown that in CSML0 cells expression of either Fra-1 or Fra-2 has the relatively weak effect on an artificial AP-1-dependent promoter as compared to the activation achieved by cFos overexpression (Andersen et al., 2002) . We therefore determined the components that affected the activation of the AP-1 complex in the L929 cell line. In Figure 1c , it can be seen that c-Fos stimulated the reporter (luciferase) activity by 220-fold, while stimulation by Fra-1 only gave a twofold induction. Overexpression of Fra-2 stimulated reporter activity by 15-fold, indicating that in L929 cells Fra-2 is more efficient in activating AP-1 than Fra-1, although both had very weak effects as compared to c-Fos. The dominant-negative Fos, A-Fos, did not affect the activity of AP-1 in L929 cells, whereas the expression of an antisense construct of fra-1 or fra-2 to some low extent induced reporter activity. Thus, we conclude that in both CSML0 and L929 cells, the Fos proteins Fra-1 and Fra-2 are much less competent activators of the synthetic AP-1-dependent promoter than c-Fos.
Fra-1-and Fra-2-negative CSML0 cells display a low motility, which can be enhanced by the expression of either Fra-1 or c-Fos
Wild-type Fos proteins and antisense constructs were used for transfection of CSML0 and L929 cells. The transfection efficiency was tested by immunostaining of cell with the corresponding antibodies. In Figure 2 it can be seen that the control L929 cells expressed both Fra-1 and Fra-2. Transfection of these cells with plasmids encoding Fra-1 or Fra-2 resulted in overexpression of these proteins, whereas transfection with antisense fra-1 or fra-2 led to a dramatic inhibition of either protein, respectively. The appearance of transiently transfected cell cultures used for the analysis of cell motility is shown in Figure 3 , left panel. The motility of the transfected green cells was analysed, connecting the positions of the centers of nuclei of green cells from consecutive video frames in order to generate cell tracks. In Figure 3 , right panel, results from representative experiments are shown as windrose diagrams. The overall cell displacement of CSML0 cells was much smaller than the displacement of L929 cells (Figure 3a , c). For CSML0 cells, the estimated average rate of cell diffusion, R, based on 22 independent experiments was 1.8070.16 mm 2 /min, and the mean-cell speed, S t , was 0.1770.01 mm/min. These values were much lower than the rate of cell diffusion and mean-cell speed estimated for L929 cells based on 18 independent experiments, namely 16.0072.50 and 0.2770.02 mm/min, respectively. The locomotive indices, LI, of CSML0 and L929 cells were equal, namely 0.3970.02 and 0.4070.02, respectively. The locomotive index (LI) is defined as the ratio of the mean-cell displacement and the mean-path length. Cells moving in perfectly straight lines will have an LI of one, whereas a lower directional persistence will result in lower LI values. Thus, in the absence of any chemoattractant, the index can be used as an estimate of the directional persistence of moving cells. LI has been demonstrated to exhibit a statistically significant correlation to the persistence time of direction (P), a parameter, reflecting the average time between significant changes in the directional movement of a single cell (Lauffenburger and Lindermann, 1993; Walmod et al., 2000) .
To test whether a reduced motile capacity of the CSML0 cell line was because of a lack of Fos-related transcription factors, CSML0 cells were transiently transfected with plasmids encoding either Fra-1, Fra-2, c-Fos or A-Fos. In Figure 4a , it can be seen that overexpression of c-Fos in CSML0 cells led to an increase of the rate of diffusion (to 263% of the control) and of the mean-cell speed (to 127% of the control) but had no effect on the LI of the cells. Thus, the increase in the rate of diffusion induced by overexpression of c-Fos predominantly reflects a change in cell speed, because LI and therefore the persistence time of direction did not change.
From Figures 3a,b and 4a, it can be seen that expression of Fra-1 dramatically enhanced motility of CSML0 cells and the changes were much higher than those induced by c-Fos. Thus, the rate of diffusion Figure 2 Changes in the levels of expression of Fra-1 and Fra-2 proteins in L929 cells after transfection with Fra-1 and antisense fra-1, Fra-2 and antisense fra-2 constructs, respectively. Cell cultures were stained for Fra-1 and Fra-2 using rabbit anti-mouse polyclonal antibodies followed by incubation with Alexa Fluor 546-conjugated goat anti-rabbit IgG. Bar ¼ 10 mm Fos proteins and cell motility V Tkach et al increased to 423% of the control and the mean-cell speed increased to 136% of the control, compared to the control vector-transfected cells. Furthermore, the expression of the Fra-1 protein also affected the LI of the cells. The increased LI of the CSML0 cells (to 125% of the control), therefore, indicates that the expression of the Fra-1 protein accelerates the dispersion of cells not only by increasing cell speed, but also by increasing the persistence time of directional movement.
In order to reveal a Fra-1 region responsible for the changes in motile behavior of cells, two constructs were generated expressing truncated Fra-1 proteins from which either the C-terminal (Fra-1DC) or the Nterminal (Fra-1DN) domains were deleted. Removal of the C-terminal domain did not affect the ability of Fra-1 to enhance motility of CSML0 cells as reflected by the high rate of diffusion (429% of the control), although the mean-cell speed now was almost identical to that of the control cells ( Figure 4a ). The high rate of diffusion of the cells expressing Fra-1DC could be explained by an increase in the LI (144% of the control). Conversely, deletion of the N-terminal sequences abrogated the effect of Fra-1 on motility of CSML0 cells (Figure 4a) . Thus, the removal of the C-terminal Fra-1 domain did not significantly affect the Fra-1 activity, but the removal of the N-terminal domain of Fra-1 resulted in the functional inactivation of Fra-1 implying that the Nterminus can form regulatory sites.
Expression of Fra-2 in CSML0 cells seemed to increase the rate of diffusion (to 280% of the control), but this effect was, because of high day-to-day variations, not statistically significant (Figure 4a ).
Expression of a dominant-negative mutant of Fos, AFos, did not affect the motility of CSML0 cells (Figure 4a ), probably because the motile capacity of these cells already is very low. Moreover, coexpression of the motility promoting Fra-1 together with A-Fos strongly inhibited the rate of diffusion (Po0.01) and the mean-cell speed (Po0.02), as compared to the motility of cells expressing only Fra-1 (Figure 4a ). Since both Fra-1 and c-Fos form dimers with JunD which as mentioned above is expressed normally by CSML0 cells (Kustikova et al., 1998) , the inhibitory effect of A-Fos on motility of cells expressing Fra-1 may be attributed to the formation of an inactive A-Fos-JunD dimer, thereby decreasing the probability of the formation of an active Fra-1-JunD dimer.
We therefore conclude, that the low intrinsic motility of CSML0 cells may be attributed to the low expression levels of c-Fos (Kustikova et al., 1998) and the absence of Fra-1.
Fra-1-and Fra-2-positive L929 cells display a high motility, which can be inhibited by expression of A-Fos or by transfection with antisense fra-1 or fra-2
As described above, L929 cells, which normally express Fra-1 and Fra-2, also display a high motility as compared to the motile behavior of the Fra-1-and Fra-2-negative CSML0 cells (Figure 3a,c) . In order to test whether the high motility of L929 cells was because of expression of Fra-1 and/or Fra-2, the cells were transfected with plasmids encoding different Fos proteins. From Figure 4b it can be seen that in L929 cells, overexpression of c-Fos, Fra-1 (or the truncated forms, Fra-1DN and Fra-1DC) or Fra-2 did not affect cell motility significantly, probably because the intrinsic motile capacity of these cells already was at a very high level. On the other hand, expression of A-Fos in L929 cells caused a dramatic decrease in cell motility (Figures 3c, d and 4b) resulting in a significant reduction of the rate of diffusion (by 83%) and of the mean-cell speed (by 50%) (Figure 4b ), probably as a result of depletion of JunD by the formation of an inactive A-Fos-JunD dimer. The LI was also decreased by 23%, indicating that the reduced rate of diffusion caused by the expression of A-Fos is a result of a decrease both in cell speed and in persistence time. Transient transfection of L929 cells with plasmids encoding either antisense fra-1 or fra-2 also inhibited cell motility (Figure 4b ). Antisense fra-1 or fra-2 inhibited R by 50 and 56%, and the S t by 23 and 21%, respectively, but had no effect on LI. Thus, both Fra-1 and Fra-2 seem to contribute to the high motility of L929 cells and this is achieved mainly by upregulating the mean cell speed, whereas the persistence time is unaffected.
c-Fos and Fra-1 regulate cell morphology, cytoskeletal organization and distribution of focal adhesion complexes
It is known that determination of morphological changes of living cells may give important information about the dynamics of the cytoskeleton and cell attachment underlying the motile behavior of cells. Three parameters describing cellular morphology were determined in the present study: cellular area, form factor and bipolarity index (Lepekhin et al., 2000) . Form factor describes the degree of roundness of a cell, and it varies from 1 (describing a circle) to 0. Values below 1 indicate an elongated cell body and/or an increasing number of cellular processes. Bipolarity index reflects the degree of cellular elongation. The average cellular area of CSML0 cells, form factor and the bipolarity index were estimated by Andersen et al.
(2002) to be 1294755 mm 2 , 0.6570.01 and 1.6570.04, respectively. Here, we evaluated the morphology of L929 cells (Figure 4c ). L929 cells displayed considerably smaller areas (646715 mm 2 ) than CSML0 cells, and, in contrast to CSML0 cells, they displayed an elongated, bipolar morphology, the average form factor and bipolarity index being 0.5670.01 and 1.9270.05, respectively.
The effect of c-Fos and Fra-1 on morphology of CSML0 cells was evaluated by Andersen et al. (2002) . (Over-) expression of c-Fos and Fra-1 was found to alter the morphology of these cells as reflected by a decrease in form factor and an increase in process index indicating that c-Fos-overexpressing and Fra-1-expressing CSML0 cells became more polarized, which may correlate with their enhanced motility when compared to control cells. In order to test whether changes in the composition of the AP-1 transcription complex could also alter the morphology of L929 cells, these cells were transfected with plasmids encoding various Fos proteins and their morphology was quantified. From Figure 4c , it can be seen that (over-) expression of c-Fos, Fra-2, truncated forms of Fra-1 (Fra-1DC and Fra-1DN) and antisense constructs of fra-1 or fra-2 did not affect the morphology of L929 cells. Overexpression of Fra-1 in L929 cells caused a slight increase in bipolarity and a Fos proteins and cell motility V Tkach et al decrease in form factor, that is, had the same effect as in CSML0 cells. In contrast, expression of A-Fos in L929 cells caused pronounced changes in their morphology (Figure 4c ). The average cellular area increased statistically significantly by 44%, form factor increased by 18% and the average bipolarity index decreased by 14% indicating that A-Fos-expressing L929 cells became larger and lost their polarity, which may correlate with their reduced motility when compared to control cells.
In order to test whether the observed differences in morphology and motile behavior of CSML0 and L929 cells were because of a different organization of the actin cytoskeleton, we stained actin filaments with phalloidin. Figure 5 shows confocal micrographs of representative control CSML0 cells (a) and transfected with Fra-1 (b), and control L929 cells (c) and transfected with A-Fos (d). It can be seen that the control CSML0 cells (with low motility) displayed a fine meshwork of filamentous actin in the cytoplasm with a circle of thick, peripherally placed bundles of filaments. Fra-1 expression altered the organization of the actin cytoskeleton in the now highly motile CSML0 cells. The cells appeared more polarized and with bundles of actin filaments (stress fibers) traversing the cells from lamellipodia to uropodia. The highly motile control L929 cells had few stress fibers traversing an oblong cell body, but the expression of AFos changed the organization of the actin cytoskeleton of these cells, which now exhibited an actin distribution and a cellular morphology similar to that of the control CSML0 cells (compare panels d to a in Figure 5 ).
In order to determine whether the differences in morphology and motile behavior between CSML0 and L929 cells were reflected in the distribution of focal adhesion complexes, cultures were immunostained for a focal adhesion marker, the actin-binding protein paxillin. Figure 6 shows confocal micrographs of representative CSML0 cells transfected with vector (a) and with Fra-1 (b), as well as L929 cells transfected with vector (c) and with A-Fos (d). It can be seen that numerous focal adhesion plaques were evenly distributed at the periphery of control CSML0 cells, whereas in Fra-1-expressing CSML0 cells, focal adhesion plaques were localized at the lamellipodial and uropodial extensions. In contrast, control L929 cells displayed a polar distribution of relatively few focal adhesion plaques, whereas in A-Fosexpressing L929 cells (Figure 6, panel d) , focal adhesion contacts appeared to be uniformly localized at the cell periphery, with an appearance comparable to control CSML0 cells (panel a).
We therefore conclude that low motility of Fra-1-and Fra-2-negative CSML0 cells as well as L929 cells expressing A-Fos is associated with a round shape, evenly distributed focal contacts and a nonpolar distribution of actin filaments. In contrast, high motility of Fra-1-and Fra-2-positive L929 cells as well as CSML0 cells expressing Fra-1 is accompanied by a polar shape, a polar distribution of focal adhesion plaques and relatively few stress fibers traversing the cells. 
CSML0 and L929 cells have different attachment areas
The strength of attachment is pivotal in cell motility. Using interference reflection microscopy (IRM), it is possible to evaluate the degree of attachment of a cell to a substratum. Cell areas with close contacts to the glass such as focal adhesions are observed in IRM as dark structures, whereas areas with less contact exhibit varying degrees of gray reflecting the physical distance between the cell plasma membrane and the glass surface. In Figure Results are shown as mean7s.e.m. Attachment strength was determined by quantification of the gray levels after IRM. Cumulative distribution curves are shown (f). Assuming that closeness of contacts of the plasma membrane with a substratum reflects attachment strength, cumulative diagrams of the number of pixels versus the amount of gray levels were plotted, closest (dark areas) and distant (bright areas) contacts being measures of high and low attachment strength, respectively. In order to exclude the influence of the size of area occupied by a cell, the data were normalized in relation to the total attachment area ). However, expression of A-Fos in L929 cells caused an increase in the mean attachment area to 170% of the control, whereas the expression of Fra-1 in CSML0 cells was without any effect on the attachment area of these cells (Figure 7e) . Moreover, in Figure 7f it can be seen that CSML0 cells were more strongly attached to the substratum per unit area than L929 cells, indicating that part of the difference in motile behavior of the two cell lines may be explained by the difference in their attachment to the substratum. However, expression of Fra-1 in CSML0 cells had no effect on the attachment strength of these cells. On the other hand, expression of A-Fos in L929 cells resulted in a small shift of the cumulative curve to the left, indicating a slightly increased attachment to substratum. This in combination with the pronounced increase in attachment area (Figure 7e ) indicated that the reduced motility of L929 cells expressing A-Fos may be in part explained by an increased attachment area and an increased attachment per area unit to the substratum. In contrast, the CSML0 cells exhibited no changes in attachment correlating to the observed changes in motility.
Discussion
The AP-1 transcription factor plays a key role in cell cycle control, apoptosis, cell differentiation, oncogenic transformation and tumor progression (Tulchinsky, 2000) . We here show that CSML0 cells which express traces of c-Fos, but no Fra-1 or Fra-2, display a low motile activity, which increases considerably after transfection of the cells with Fra-1, but not with Fra-2. In contrast, L929 cells, which normally express both Fra-1 and Fra-2, are highly motile, and their motility is not affected by overexpression of these transcription factors, but strongly reduced after transfection with antisense fra-1 or fra-2 or with A-Fos. The effect of Fra-1 on cell motility is probably dependent on the N-terminal domain of the molecule, because its deletion resulted in functional inactivation of Fra-1 (see also Andersen et al., 2002) . Not only do CSML0 and L929 cells exhibit dramatic differences in motile behavior, they also display a different cellular morphology and attachment, with different cytoskeletal organization and distribution of the focal adhesion complexes. Processes modifying cell adhesion appear to be rate limiting for the movement of cells, and maximal migratory speed has been demonstrated to occur at an intermediate attachment strength, whereas the motility of cells is reduced both at a low and high attachment strength (DiMilla et al., 1993; Palecek et al., 1997) . Our results indicate that a low motility (CSML0 control cells and L929 transfected with A-Fos) is associated with the absence or inactivity of Fra-1-and Fra-2 proteins, a rounded cell shape, peripherally distributed focal contacts and a nonpolar distribution of actin filaments, and for L929 cells, a slightly increased attachment to the substratum. In contrast, a high motility (L929 control cells and CSML0 transfected with Fra-1) is associated with expression of Fra-1 and possibly of Fra-2, a polar cellular shape, a polar distribution of focal adhesion plaques, relatively few stress fibers traversing the cell and for L929 cells, a reduced attachment to the substratum.
In the presence of serum, CSML0 cells express traces of endogenous c-Fos (Kustikova et al., 1998) . We here demonstrate that transient transfection of these cells with a plasmid containing the c-fos gene resulted in a robust increase of cell motility. However, this effect may be of little physiological relevance, since induction of cFos expression under normal physiological conditions is transient. For instance, in starved fibroblasts, the c-Fos and FosB proteins are very rapidly induced by growth factors, but 3 h later the proteins are undetectable. In contrast, after stimulation the expression of the Fra-1 and Fra-2 proteins only increases significantly within the second hour, but remains elevated for 12 h (Kovary and Bravo, 1992) . Different signals can rapidly upregulate transcription of the c-fos gene through cAMP-response elements (CRE), serum response elements (SRE) or the sis-inducible enhancers (SIE) (Tulchinsky, 2000) .
Expression of a dominant-negative mutant of Fos, AFos, in L929 cells strongly inhibited cell motility presumably because of the formation of an inactive AFos-JunD dimer, thereby decreasing the probability of formation of the active Fra-1-JunD and Fra-2-JunD dimers. This may also imply that the dimerization domain plays an important role in the functioning of Fra-1 and Fra-2. Since the effects of Fra-1 and Fra-2 on cell motility differ in different cell lines, it is possible that these proteins dimerize with different transcription factors binding to various enhancers of target genes. The importance of the interaction of Fra-1 with the Jun proteins is confirmed by the fact that a transgene expressing Fra-1 rescues osteoclast differentiation which otherwise is compromised in vivo in mice lacking c-Fos (Matsuo et al., 2000) .
c-Fos has a high transforming potential, whereas Fra-1 and Fra-2 cannot transform rodent fibroblasts (Wisdom and Verma, 1993) . This correlates with the ability of Fos proteins to act as transcriptional activators: c-Fos is a strong transcriptional activator, whereas Fra-1 and Fra-2 are not (Wisdom and Verma, 1993; Bergers et al., 1995) . Since tumor invasion is related to dysregulation in cell motility (Kassis et al., 2001) , the transcription activation potentials of Fos proteins might be expected to correlate with their abilities to promote the motile phenotype. Our data did not indicate such a correlation. Fra-1 and Fra-2 only insignificantly induced the activity of the synthetic AP-1-responsive reporter as compared to c-Fos. However, sustained (ectopic) expression of Fra-1 or c-Fos was associated with a high motility of CSML0 cells, and in the absence (CSML0 cells) or inhibition (in L929 cells) of expression of Fra-1 and Fra-2, the cells displayed a low motility. As already mentioned, Fra-1 expression has been demonstrated to modulate the transcription of several tumor progression markers in CSML0 cells (Kustikova et al., 1998) , but molecular mechanisms of these changes in gene expression remain unclear. Since Fra-1 lacks a transactivation domain (Funk et al., 1997) , it is therefore possible that Fra-1 limits the activity of other potent transactivators, interacting with AP-1 proteins, by competing for Jun-proteins and sequestering them into DNA-bound AP-1 with low transcriptional activity (Albrektsen and Fleckner, 2001 ). Thus, it cannot be ruled out that Fra-1 acts as a repressive factor, controlling genes specific for a low motility phenotype. Finally, Fra-1 could interact with proteins other than Jun proteins thereby causing changes in the transcriptional status of genes regulating a motile phenotype. It has been previously demonstrated that the activating transcription factor/cAMP response elements-binding protein (Hai and Curran, 1991) , the nuclear factor of activated T cells (Jain et al., 1993) and Maf (Kataoka et al., 1994) can dimerize directly with AP-1 proteins affecting the activity of the transcription factor complexes.
In conclusion, our results indicate that Fos proteins have distinct regulatory roles in cell motility.
Materials and methods
Plasmids
To generate pCMV-c-Fos, pCMV-Fra-1 and pCMV-Fra-2 expression plasmids, mRNAs were amplified by RT-PCR as described by Kustikova et al. (1998) , and cloned in the PCR3-Uni vector (Invitrogen). Constructs expressing Fra-1 proteins truncated N-terminally (removal of 1-98 aa, Fra-1DN) and Cterminally (removal of 186-273 aa, Fra-1DC) were generated as previously described (Andersen et al., 2002) . Antisense Fra-1 and antisense Fra-2 were prepared and cloned in the same way. A dominant-negative mutant of Fos, A-Fos, was generated as previously described (Olive et al., 1997) .
Cell cultures
The L929 cell line was obtained from the European Collection of Animal Cell Cultures. The CSML0 cell line originated from a spontaneous mammary adenocarcinoma in a A/Sn mouse (Senin et al., 1984) .
Evaluation of cell motility
Transient transfection of cells was performed using the FuGene 6 reagent (Roche Diagnostics). At 24 h after transfection, cells were seeded at a density of 4 Â 10 3 cells/cm 2 and grown for 24 h. Random cell motility was evaluated by use of time-lapse video-recording and image analysis as described previously (Walmod et al., 1998; 2000) . Analysis of cell motility and morphology was performed using the image processing software PRIMA (Protein Laboratory, Copenhagen, Denmark). The track of a single cell was defined as a sequence of coordinates of nuclear centers at different time points. The displacement of a cell is the Euclidean distance between two points corresponding to the initial and final positions of the cell. The mean squared cell displacement of a cellular population after a given time (t i ) of observation was where i is the observation number (i ¼ 0, 1, 2,y k), k is the total number of observations minus one, t i , is the time interval between the initial observation (t 0 ) and the observation number i(t i ¼ i Â t), x m (t i ) and y m (t i ) are the coordinates of a cell with number m at the time point t i and N is the total number of cells.
The rate of diffusion, R, was estimated by plotting the meansquared displacement, /d 2 S, against time with subsequent curve fitting to the equation:
where P is the persistence time in direction (Dunn, 1983) . The mean-cell speed, S t , was calculated as the ratio of the mean displacement of cells (/d t S) to the time interval t. This was done according to the equation: The locomotive index, LI, was calculated as the ratio of the mean-cell displacement (/dS) and the mean-cell-path length:
LI ¼ hdi hLi
LI was used as a measure of directional persistence of migrating cells.
Analysis of cell morphology
Cell contours outlined manually were used for determination of mean cell area, form factor and bipolarity index. The form factor is defined as 4p Â area/perimeter 2 . The bipolarity index is defined as the ratio of the cell length to the cell breadth (Lepekhin et al., 2000) .
Interference reflection microscopy (IRM)
Cells were fixed in 2% (w/v) paraformaldehyde. IRM was carried out employing a Zeiss Axiovert 100 microscope equipped with a Plan-Neofluar 63x1.25 Oil Ph3 Antiflex objective and a reflector slider Antiflex with an integrated polariser/analyser system.
